Somatolactogens, Somatomedins, and Immunity^ 

SEAN ARK1N8» ROBERT DANTZER.2 and KEITH W. KELLEY^ 

Laboratory of Immunophysioiogy 
Department of Animal Sciences 
University of fdlnois 
Uitana 61801 



ABSTRACT 

The neuroendocrine and immune sys- 
tems participate as active partners in host 
homeostatic and defense mechanisms. 
This partnership involves a complei^ in- 
terconmiunication system enyploying an 
array of shared ligands and receptors. 
Hormones of the somatolactogen family 
have marked influences on immune 
events in vivo, including the main* 
tenance of lymphoid tissue cellularity, 
the promotion of DNA synthesis in these 
tissues, and the stimulation of a number 
of immune effector mechanisms. Both 
growth hormone and prolactin function 
to promote erythropoiesis and DNA syn- 
thesis in bone marrow precursors. Our 
results have shown that the somatolacto- 
gens and a member of Che somatomedin 
family, IGF-I, are particularly effective 
in modulating the effects functions in 
phagocytic cells, including the produc- 
tion of reactive oxygen int^mediates and 
tumor necrosis factor-a and the oxygen- 
dependent Idlling of bacteria. Evidence 
indicating a role of IGF-I in modulating 
immune functions is more recent but 
nonetheless compelling. Accumulated 
dau suggest that somatolactogenic hor- 
mones, as well as one member of the 
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somatomedins, are produced by cells of 
the immune system and can regulate lo- 
cal immune events. Although the 
molecular mechanisms by which the 
somatolactogens and somatomedins exert 
their effects on immune tissues are only 
now being explored, the pleiotropic na- 
ture of these effects suggests that these 
hormones participate at endocrine, para- 
crine, and perhaps autocrine sites of ac- 
tion. 

(Key words: growth hormone, prolactin, 
insulin-like growth factor-I, immunity) 

Abbreviation key: GH = growth h<»mone, 
IFN-7 = intcrferon-7, DL = interleukin, PL = 
placental lactogen, PMN = polymorphonuclear 
leukocyte, PRL = prolactin, TNF-a = tumor 
necrosis factor-a. 

INTRODUCTION 

Food animal producers have the objective 
of delivering a high quality product at moder- 
ate cost to a consumer who is increasingly 
concerned that this product be aesthetically 
acceptable. Within the past 50 yr. advances 
have been considerable in defining the optimal 
environmental and nutritional requirements in 
production systems. However, many advances 
have been offset by an unacceptable level of 
infectious and noninfectious diseases as- 
sociated with production. The realization that 
the immune system is a fiiUy integrated phys- 
iological system, subject to ext^al and inter- 
nal stimuli mediated through neuroendocrine 
control, provides the conceptual basis for ex- 
ploiting the immune system of domestic 
animals for enhanced disease resistance. The 
use of biological response modifiers and genet- 
ically engineered vaccines may soon make this 
aspiration a reality. Our research interests have 
focused on endogenous products as modulators 
of immune function. More recently, we have 
concentrated on the effects of the somatolacto- 
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genie hormone family and one of their en- 
dogenous mediators, somatomedin-C (IGF-I) 
on immune functions. Such studies are particu- 
larly timely in view of the potential medical 
and agricultural uses of recombinant growth 
hormone (GH). This article reviews some of 
the information supporting a role for these 
hormones in maintaining and modulating im- 
mune functions. These topics have been peri- 
odically reviewed (37, 54. 55, 56). 

The Somatolaetogen Hormone Family 

Prolactin (PRL). GH, and placental lacto- 
gen (PL) are now considered to belong to the 
somatolaetogen family of hormones by virtue 
of a number of shared biological, immunologi- 
cal, and structural features (73, 83). These 
three hormones have similar size (190 to 199 
aa), a similar globular protein structure, and 
approximately equivalent cx-helical content; 
each possesses two homologous disulfide 
bonds. All three are now thought to have 
evolved from a conmion ancestral gene 
through a gene duplication event* giving rise to 
sqjarate GH and PRL lineages. The nature of 
subsequent duplication events seems to have 
varied among species; rat and bovine PL genes 
arise from the ancestral PRL gene, whereas the 
human PL gene arose from duplication of the 
primitive GH gene. Despite these shared struc- 
tural, evolutionary, and functional features, the 
somatolactogens are synthesized in a disparate, 
tissue- specific manner; GH and PRL are syn- 
thesized in the antoior pituitary, but PL is 
produced by the placental syncytiotrophoblast. 
In addition, although members of this family 
exhibit hormone-specific biological properties, 
they also share to varying degrees, depending 
on the species, charact^stics of both lacto- 
genic and somatotropic hormones. 

Somatolactogene and Immune Tissuee 

Endocrinology textbooks invariably discuss 
the classic effects of the somatolactogenic hor- 
mone family. For GH, these include the stimu- 
lation of hepatic glycogenolysis, the activation 
of lipolysis in adipose tissue, and the enhance- 
ment of amino acid incorporation into muscle 
protein. Prolactin, at least in mammals, is con- 
sidered to be primarily a lactogenic hormone, 
stimulating lactogenesis and manunary growth 



and development. However, this emphasis on 
the lactogenic effects of PRL may have ob- 
scured other potentially important functions of 
this hormone, such as the promotion of male 
reproductive tract and prenatal lung develop- 
ment (8, 9). Placental lactogen seems to have 
evolved to play roles intermediate to those of 
GH and PRL during pregnancy, stimulating 
fetal growth and inducing mammary growth 
(6). Yet some of the earliest observations on 
GH and PRL in hypophysectomized animals 
showed that these hormones were critically 
involved in the maintenance of lymphoid or- 
gan size and cellularity. 

Following the original observation in 1930 
that hypophysectomy led to involution of the 
thymus gland, a substantial research effort has 
been exerted in exploring the role of pituitary 
hormones in regulating activities of the im- 
mune system [reviewed by Berczi and Nagy 
(5) and Kelley (55, 56)]. Both ACTH, acting 
via the adrenal cortex, and LH, acting via 
testosterone, can induce thymic involution; 
reviewed in Kelley (56)]. The concept of pitui- 
tary hormones acting as thymotropic, rather 
than thymolytic, agents has been explored in a 
number of model systems. The administration 
of GH to hypophysectomized rats reversed 
growth defects and caused particular enhance- 
ment of thymic growth and thymic nucleic 
acid synthesis [reviewed by Berczi and Nagy 
(5) and Kelley (55)]. However, these early 
fundamental observations were offset by a host 
of conflicting observations, leading Dougherty 
(27) to decide from a review of 195 papers that 
no definitive conclusions cold be drawn on the 
effects of hypophysectomy or hormone 
replacement therapy on immune tissues. 

Further development of this concept had to 
await a better understanding of the immune 
system and the development of better model 
systems and purified hormone preparations. 
The potential limitations of the hypophysec- 
tomized model were countered by the demon- 
stration that administration of an antiserum to 
pituitary extracts, or a GH antiserum, to intact 
mice to develop thymic atrophy and wasting 
disease. Also, the pituitary-deficient, Snell- 
Bagg dwarf mouse had a defect in antibody 
synthesis that could be reversed by administra- 
tion of GH [reviewed by Berczi and Nagy (5) 
and Kelley (55, 56)]. By the 1970s, data from 
a number of laboratories [reviewed by Berczi 
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and Nagy (5)] confirmed that spleen, thymus, 
and lymph node tissue of hypophysectomized 
animals became atrophic, had reduced nucleic 
acid synthesis, and were deficient in at least 
some aspects of the inmiune response. A major 
development in the study of somatolactogens 
in immunobiology came from Berczi's group; 
they showed that antibody synthesis and con- 
tact sensitivity reactions were reduced in 
hypophysectomized rats and that these effects 
could be reversed by administration of GH or 
PRL (80) or PL (6). A comparable demonstra- 
tion in a domesticated species was made by 
Roth et al. (93), who found that the thymic 
atrophy in dwarf Weimeraner dogs could be 
reversed by GH administration. More recently, 
the inunune defects in pituitary-deficient mice 
have been shown to extend to the myeloid 
compartment and to affect a spectrum of my- 
eloid progenitors (76). 

Secretion of GH is maximal around puberty 
and then declines subsequently with aging (55, 
56). This age-associated reduction in GH is 
associated with a loss in cortical thymocytes, 
thymic involution, and a significant reduction 
in immune events associated with T cells (47, 
55, 106). We (57) have shown that the implan- 
tation of a syngeneic pituitary tumor (GH3 
cells) into aged rats, which secrete both GH 
and PRL, reconstituted histologically normal 
thymus glands in those aged rats. This restora- 
tion was accompanied by augmented T- 
lymphocyte interteukin (IL)-2 synthesis and 
increased in vitro proliferative responses of 
peripheral T lymphocytes to lectins (57). More 
recently, GH3 cells, in addition to promoting 
thymic growth, were found to overcome a key 
T-cell differentiation block in the thymus of 
aged rats by promoting the differentiation of 
double negative cells (CD4~ CDS') into the 
double positive phenotype (CD4+ CD8+) (67). 
A possible mechanism for the effects of the 
somatolactogens on thymic development is 
through the ability to stimulate the synthesis of 
the thymic hormone, thymulin, which in- 
fluences intra- and extrathymic T-cell differen- 
tiation. Growth hormone and PRL stimulate 
the synthesis of thymulin from thymic 
epithelial cells (22), and GH injections in vivo 
augment thymulin secretion in aged dogs (45). 
Significantly^ mice that are transgenic for rat 
GH contain more thymic epithelial cells (24). 
Recent evidence demonstrating significant 



positive effects of GH on engraftment of T-cell 
progenitors in mice with severe combined im- 
mune deficiency (77) suggests that GH may 
also influence migration of T-cell precursors to 
the thymus gland. 

Somatolactogens and Hemopoiesis 

In addition to the decline in cellularity and 
nucleic acid synthesis of thymus and spleen, 
hypophysectomy has significant effects on the 
generation of hemopoietic precursors. This 
phenomenon has been best defined for 
erythroid progenitors and was first observed in 
hypophysectomized rats; these rats, when 
placed in hypobaric chambers, failed to show 
the significant rise in hemoglobin or erythro- 
cyte content that was exhibited by control rats 
and, in addition, did not develop the pro- 
nounced bone marrow hyperplasia characteris- 
tic of rats undergoing pronounced erythrocyte 
synthesis [reviewed by Berczi and Nagy (5)]. 
These effects could be partially reversed by the 
administration of GH or PRL (79). A more 
complete characterization of hemopoietic dys- 
function in hypophysectomized rats has been 
undertaken by Berczi and Nagy (4, 5), who 
found that these rats exhibited normochromic- 
normocytic anenua, leukopenia, and throm- 
bocytopenia. A general role for an effect of 
anterior pituitary hormones in the development 
of hemopoietic precursors is supported by the 
demonstration of impaired DNA and RNA 
synthesis in the bone marrow of hypophysec- 
tomized rats. Convincing evidence that these 
effects were due to pituitary insufficiency was 
provided when hemopoietic parameters and 
bone marrow nucleic acid synthesis could be 
normalized by treatment with GH, PRL, or PL 
(4, 6, 80) and the finding by Jepson and 
McGarry (52) that GH enhanced erythropoiesis 
and lymphocytosis in the bone marrow of hu- 
man hypopituitary dwarfs (5). 

Growth hormone also augments the in vitro 
maturation of erythrocytes derived from bone 
nuuTOw cells differentiated with erythropoietin 
(46) and stimulates the proliferation of virus- 
infected leukemia cells, In view of these 
results, it is somewhat surprising that long- 
term bST treatment in dairy cows has been 
reported to result in a reduced hematocrit (2, 
14» 17, 88). Perhaps this discrepancy is due to 
an increase in plasma volume of cows injected 
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with bST, as has been reported in rodents (39), 
although this postulate is not supported by a 
recent study (33) on the short-term effects of 
bST in dairy cows. Nonetheless* a role of bST 
in modulating granulopoiesis in lactating dairy 
cows is suggested by the finding that bST 
treatment induced a significant increase in the 
neutrophil fraction in peripheral blood (14» 
17). 

SomatolaetogMis and Lymphocytt Funetton 

Human mononuclear cells have around 
7000 membrane-bound, high affinity receptors 
for GH; the affinity constant was 2 x 10^ M"^ 
(60). Growth hormone receptcn^ are also pres- 
ent on thymocytes, transformed lyn4)hocytes, 
and peripheral blood mononuclear cells (66) 
although their distribution on mononuclear cdl 
subsets, such as NK (natural killer) cells, B 
cells, macrophages, and or CD8+ T 

cells, is largely unknown. The expression of 
PRL receptors on lymphocytes is poorly 
characterized. The number of PRL receptors 
on lymphocytes (-360 per cell) (95) is small 
relative to receptor expression in liver or breast 
tissue. Recent studies (33, 84) of PRL receptor 
gene and protein expression in a rat T-ceU line 
stimulated with PRL suggest, however* thai 
receptor concentration is regulated by concen- 
tration of the homologous ligand. No studies to 
date report PL receptor levels on lymphocytes, 
but, at least in humans, PL can bind to the 
PRL receptor. Both GH and PRL recej^rs 
have now been classified, on the basis of 
amino acid homology in the ligand-binding 
domains, as membe^ of a hematopoietin 
cytokine receptor superfamily, which includes 
the receptors for IL-2, IL-3, E.-4, 0^6, Rrl, 
and erythropoietin (20). This homology further 
strengdiens the concept of GH and PRL as 
functional ligands in the growth, differentia- 
tion, and function of lymphoid cells. 

(}rowth hormone consistently augments the 
in vitro proliferation of transformed (71) and 
normal (61) lymphoid cells. Results have been 
disparate when normal lymphocjrtes have been 
stimulated to proliferate in the presence of GH 
(61, 71). These disparities may arise from a 
number of sources, such as the use of partially 
purified hormone preparations, the failure to 
employ an appropriate range of honnone con- 
centrations, or the presence of GH or GH- 
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binding protein in serum preparations (56). 
With the single exception of the rat Nb2 T- 
lymphocyte line, the direct in vitro effects of 
PRL on immune cells are also difficult to 
characterize (9), probably for many of the rea- 
sons mentioned. However, two novel ap- 
proaches have demonstrated the significance of 
both these hormones in lymphocyte prolifera- 
tion events and have also highlighted the im- 
portance of lymphocytes as a source of classic 
neuroendocrine hormones. Weigent et al. (Ill) 
used antisense oligonucleotides to GH mRNA 
to target endogenous de novo synthesis of GH 
by lymphocytes and found that lectin-induced 
lymphocyte proliferation was abolished. Simi- 
lar, Bemton et al. (10) and Sabharwal et al. 
(96) found that the addition of low concentra- 
tions of antism to pituitary PRL to mitogen- 
stimulated human lymphocytes abrogated 
DNA synthesis and cell proliferation. 
Qevenger et al. (19) used a series of eu- 
karyotic expression vectors to express wild- 
type PRL, PRL lacking the signal sequence for 
translocation into the endoplasmic reticulum, 
or chimeric PRL containing a nuclear translo- 
cation sequence in the Nb2 T-cell line. Stimu- 
lation with IL-2 resulted in proliferation only 
in those transfected cells expressing the wild- 
type or nuclear translocation sequences, 
demonstrating that both extracellular and in- 
tranuclear PRL can syn^gize with IL-2 in 
augmenting the proliferation of this cell line. 
The finding that cells transfected with PRL 
sequences targeted to the nucleus, but not 
those exfHessing the wild-type sequence, could 
proliferate in the presence of IL-2 and antise- 
rum to PRL suggests a role for PRL within the 
nucleus. 

In contrast to varying effects in vitro, GH 
and PRL consistently augment a number of 
inunune responses when given in vivo to 
hypopituitary animals. These enhanced 
responses include antibody synthesis and skin 
graft rejection (5, 55, 80, 81), the development 
of adjuvant arthritis (7), the activity of NK 
cells (98), and lectin-induced T-cell prolifera- 
tion and IL-2 synthesis (24, 71). Treatment of 
dairy cows with recombinant bST for 38 wk 
enhanced T-cell proliferative responses in- 
duced by concanavalin A [Figure 1; (14, 15)] 
and resulted in higher serum IgG and IgA 
concentrations (16). The in vitro proliferative 
response of T cells to a mitogenic lectin is 
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Figure 1. Recorobiiunt bST enhances the proliferative 
responses of peripheral blood lymphocytes of dairy cows 
to ooncanavalin A. l4ictnting Holsteins were either un- 
treated (control) or treated daily with the indicated concen- 
tiations of recombinant bST GH. Data are least squares 
means, pooled over sample week, and are expressed as 
counts per nnnute x 10-3. Data are from Boiton (14) and 
Burton et al. (IS). 



used as one indicator of cell-mediated immune 
function. However, these cows did not display 
changes in dinitrochlorobenzene-induced con- 
tact sensitivity responses (14). Treatment of 
dairy heifers with bST has reduced the inhibi- 
tion of mitogen-induced proliferation of lym- 
phocytes cultured at higher temperatures (34), 
although comparable results in heat-stressed 
lactating dairy cows were not evident (35). 
Experiments with intact rodents, administered 
dopamine agonists [e.g., bromocriptine or per- 
golide, reviewed by Bemton et al. (9)] to 
suppress endogenous PRL, showed that im- 
munocompetence suppression comparable with 
that induced following hypophysectomy could 
be induced. Thus, rats treated with bromocrip- 
tine have decreased antibody responses to 
sheep erythrocytes, decreased contact sensitiv- 
ity response, and suppressed development of 
adjuvant arthritis and experimental allergic en- 
cephalitis. These effects could be reversed by 
treatment with PRL or GH (5, 9). An impor- 
tant finding from in vivo studies was that mice 
treated with bromocriptine had a significantly 



higher mortality rate following infection with 
Listeria monocytogenes, resulting from an ina- 
bility to generate activated macrophages be- 
cause of suppressed production of interferon-7 
(IFN-y) from activated T cells. These changes 
could be reversed by exogenous PRL (11). 

Somatolaetogana and Phagocytic 
Ml Functions 

Nfacrc^hages are phagocytic cells that are 
critical for the induction and expansion of a 
number of immune responses (It 104). Acti- 
vated macrophages can be triggered to produce 
reactive oxygen intermediates that nonspecifi- 
cally kill ingested bacteria. In addition, acti- 
vate macrq>hages process and present bac- 
terial antigens to T cells, express class n 
antigens of the major histocompatibility com- 
plex, kill tumor cells, and secrete a number of 
monokines, such as IL-1 and tumor necrosis 
factor-a (TNF-a). Our interest in macrophages 
arose from an early observation that GH- 
treated macrophages acquired morphological 
characteristics of activated macrophages 
[reviewed by Kelley (55), 56)]. In addition to 
this change in morphology, in vitro GH treat- 
ment of porcine monocyte-derived macro- 
phages primed these cells for enhanced release 
of the reactive oxygen intermediate, superox- 
ide anion (Op, in response to stimulation with 

opsonized zymosan (29). As little as 50 ng of 
GH/ml significantly increased the production 

of O2 and this production could be totally 
abrogated by preincubation with a specific an- 
tibody to GH. Macrophages of hypophysec- 
tomized rats could also be primed in vivo by 
injection of various amounts of either native 
porcine GH recombinant porcine GH or native 
rat GH. These findings were extended to an- 
other phagocytic cell type, the polymor- 
phonuclear leukocyte (PMN), by demonstra- 
tions that GH, PRL, and IGF-I, prime PMN 
from a variety of species, including the bovine, 

for enhanced secretion [Figure 2; (40, 41)]. 
These results were particularly significant be- 
cause they showed that the ability of 
somatolactogens and somatomedins to enhance 
production of reactive oxygen intermediates by 
phagocytic cells was conserved across a num- 
ber of species. 
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Figure 2. Recombinant bovine growth honnone (GH) 
or recombinant porcine GH augments O2 secretion by 
polymorphonuclear neutrophil (PMN) of bovine or poreine 
origin, respectively, in a dose-dependent foshion. Data are 
from Fu el al. (40). 



Growth honnone treatment in vitro stimu- 
lates PMN adhesiveness and O2 release in 

humans (113. 114). Two preliminary reports 
using daily cows treated in vivo with recom- 
binant bST (18. 50) showed that similar effects 
were induced in PMN from milk and 
peripheral blood. Although those results are 
preliminary, they indicate that PMN bacterial 
killing can be enhanced in vivo and that the 
economic losses caused by postpartum infec- 
tions, such as Escherichia coli mastitis, may be 
reduced by bST treatment [reviewed by Kelley 
and Dantzer (58)]. A comparable long- term 
study in swine showed some effects of GH on 
PMN migration activity but found no effects 
on other neutrophil functions, such as 
chemotaxis, ingestion, antibody-dependent 
cell-mediated cytotoxicity, or the reduction of 
cytochrome c (65). A growing body of evi- 
dence now suggests that both somatotropin and 
IGF exert chemotactic effects on neutrophils 
and lymphocytes (65. 103, 114). Species- 
specific differences occur in somatolactogen- 

induced priming for secretion. Although 

priming of bovine, porcine, and murine PMN 
is mediated through the GH receptor, we (40) 
have shown, by the use of a panel of human 
GH variants generated by site-directed muta- 
genesis, that GH priming of himian PMN is 
mediated through the PRL receptor. Conse- 
quently, neither bovine nor porcine GH prime 




Days After Intecting Salmanwtta ffptifmu'lum 

Figure 3. Growth hormone (GH) and interferon-7 
(IFN-7) increase survival of hypophysectomized rats fol- 
lowing challenge with Salmomlla typhimurium on d 0. 
Rats received the indicated concentrations of native, 
pitoitaiy-derived porcine GH, recombinant GH (iGH), or 
recombinam rat IFN-7 for 6 d prior to challenge and for 6 
d after infection. Data are from Edwards et al. (32). 



human PMN, even at concentrations as high as 
10,000 ng/ml. 

Three significant in vivo correlates of these 
in vitro events further bolster evidence for an 
important immunoregulatory role of GH. First, 
GH injections enhanced resistance of both in- 
tact and hypophysectomized rats following 
challenge with Salmonella typhimurium 
[Figure 3; (32)]. Although GH had previously 
been shown to augment several components of 
both the humoral and cell-mediated immune 
systems, our study (32) was the first demon- 
stration that GH could actually improve host 
resistance to an infectious pathogen. Growth 
hormone was as effective as IFN-7 in enhanc- 
ing survival and activating peritoneal macro- 
phages to kill S. typhimurium in vitro, and 
these effects were mediated by an enhance- 
ment of fipee radical secretion (28, 30, 32). 
Second, macrophages from hypophysec- 
tomized rats demonstrate an impmred TNF-a 
response to in vitro lipopolysaccharide stimu- 
lation, and this deficit could be partially over- 
come by in vivo treatment with either GH or 
IFN-Y (31). Finally, a defect in O2 secretion 
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and TNF-o prcxluction in macrophages from 
aged rats can be reversed by implantation of 
syngeneic pituitary grafts beneath the kidney 
capsule (25). These results demonstrate that 
GH, and probably PRL. regulate an array of 
physiologically important responses of phago- 
cytic cells. 

Somatomedlna 

In 1957, Salmon and Daughaday proposed 
that GH acts on skeletal tissues by inducing 
the formation of a direct acting intermediary 
growth factor, or somatomedin [reviewed by 
Sara and Hall (97)]. This hypothesis spawned 
an active area of research leading to the defini- 
tion of Che somatomedins, or IGF, as mediators 
anabolic actions of GH in vivo (23). The find- 
ing of IGF activity in a wide variety of condi- 
tioned media and tissue extracts led to the 
suggestion that the IGF are not simply endo- 
crine hormones but also function as autocrine 
or paracrine hormones (94, 97). Purification 
and amino acid sequencing of the molecules 
with IGF activity have revealed that two 
closely related peptides of approximately 7.5 
kDa mediate these biological activities. At the 
amino acid level, IGF-I and IGF-II share ap- 
proximately 70% identity and are also approxi- 
mately 50% identical to proinsulin. Because 
serum concentrations of IGF-I, but not IGF-II, 
are primarily regulated by GH, the term 
"somatomedin" does not adequately describe 
these peptides, and, consequently, these pep- 
tides are now referred to as IGF. Insulin-like 
growth factor-I functions as an anabolic agent, 
primarily in postnatal life, and IGF-II plays a 
comparable role in the fetus (97). 

IGF-t and Lymphoid Tissues 

Because die discovery of the IGF peptide 
family is more recent than that of the 
somatolactogens, the literature describing ef- 
fects on lymphoid tissue is consequendy less 
abundant. Nonetheless, growing evidence sug- 
gests that IGF-I affects a comparable array of 
immune events. A generalized effect of IGF-I 
on lymphoid organ size and cellularity was 
reported by Guler et al. (48), who found that 
subcutaneous infusions of IGF-I into 
hypophysectomized rats were more effective 
than GH treatment in restoring spleen and 



thymic size. Also, IGF-I has significant posi- 
tive effects on Thy-1 antigen expression and 
thymocyte maturation in the atrophied thymus 
of diabetic rats (12). These results strongly 
suggest that many of the effects of GH on 
lymphoid tissue (55. 56) may be mediated by 
the paracrine synthesis of IGF-I. 

IQF-I and Lymphooyte Function 

Because cellular proliferation is one of the 
more accessible measurement parameters, a 
large body of data exists showing an effect of 
IGF-I on the unstimulated proliferation and 
mitogen-induced proliferation of a range of 
inmiune cell types. These in vitro results were 
heralded by the observation that the stimulat- 
ing effect of serum on lymphocyte mitogenesis 
is increased in acromegalics and decreased in 
pituitary dwarfs (99). Insulin-like growth 
factor-I has anabolic effects, such as the induc- 
tion of macromolecular synthesis, and en- 
hancement of intermediary metabolism (105) 
and DNA synthesis (99) in mitogen-activated 
lymphocytes cultured in suboptimal serum 
concentrations. The latter results have since 
been confirmed in a variety of systems [e.g.. 
purified human T cells (53, 103), human leu- 
kenuc blasts (36, 86. 100, 101), and murine 
and human thymic lymphoma cells (44. 101)]. 
However, the findings were not confirmed, by 
Rao et al. (89) or by Veriand and Gammeltoft 
(105); indeed, immunosuppressive effects of 
IGF-I have also been demonstrated (51). These 
divergent findings are difficult to reconcile, but 
at least some of the discrepancies can be ex- 
plained by the culture method in which the 
inclusion of serum with its high content of 
IGF-I and IGF-binding proteins is a confound- 
ing factor. In some instances demonstrating 
enhancement of proliferation by IGF-I, die 
specificity of die signaling patiiway has been 
demonstrated by the use of an antibody 
directed against the human type I IGF receptor, 
which abrogates the enhancement mediated by 
IGF-I (43. 53, 86, 100). 

IQF-I Invotvsmsnt In Hsmatepolesis 
and Granulopoiesis 

Some of the earliest evidence of a role of 
IGF-I in modulation of inunune events came 
from studies demonstrating an effect of rela- 
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lively impure somatomedin preparations on 
hemopoietic cells. Generally, colony formation 
of erythroid cells from embryonic mouse liver 
and adult bone marrow was stimulated by 
physiological IGF-I concentrations (62). More 
recently, these findings were corroborated in a 
number of laboratories with recombinant IGF- 
I. Phillips et al. (87) treated neonatal rats with 
IGF-I in vivo and found a significant increase 
in bone marrow erythropoietic ceU precursors. 
Kurtz et al. (63) found that IGF-I stimulated 
erythropoiesis in hypophysectomized rats 
directly and also indirectly through the stimu- 
lation of increased erythropoietin. Werther et 
al. (112) and others (64) confirmed these find- 
ings by demonstrating that these growth- 
promoting effects were seen in vitro in the 
absence of either serum or erythropoietin. 
Reliable evidence now suggests that the effects 
of GH on erythropoiesis (5), which include the 
promotion of primitive and mature erythroid 
precursors, appear to be mediated by 
monocyte-derived paracrine IGF-I. The GH- 
mediated enhancement of erythropoiesis was 
abrogated by an antibody directed to the IGF-I 
receptor (69), and granulopoiesis was en- 
hanced in vitro by GH and IGF-I (70), suggest- 
ing that IGF-I may have generalized growth- 
promoting effects on a range of hemopoietic 
precursors. Enhancement by GH in the latter 
instance was dependent on the presence of 
bone marrow adherent cells, presimiably as a 
source of paracrine IGF-I, and was abrogated 
by an antibody directed against the IGF-I 
receptor. A possible mechanism for the effects 
of IGF-I in differentiating myeloid cells was 
suggested by the recent demonstration that this 
growth factor prevented apoptosis in bone 
marrow lineages derived from IL-3 upon 
removal of this cytokine (91), suggesting that 
IGF-I maintains proliferative capacity in 
differentiating progenitors. 

IQH and Phagocytv Effoctor Functions 

Our group (28, 41) has recently described a 
novel effect of IGF-I on phagocyte effector 
functions; IGF-I and GH were equally as po- 
tent as IFN-7 in eliciting macrophage and 
granulocyte superoxide anion production. 
These results complete the characterization of 
a striking range of actions for these growth- 
promoting peptides on granulocytes and mac- 



rof^ages. Thus, GH and IGF-I seem to be 
comparable in their range of activities to the 
colony-stimulating factors (e.g., granulocyte- 
colony stimulating factor) and granulocyte- 
macrophage colony-stimulating factor, which 
can influence the differentiation and the effec- 
tor functions of phagocytic cells. At least in 
the case of human PMN, GH or PRL priming 
does not appear to be mediated by induction of 
autocrine IGF-I production because an anti- 
body to the IGF-I receptor abrogated priming 
mediated by IGF-I, but not GH or PRL (40). 

Production of Somstolaetogwis 
and Somatomadint by Immune Calla 

A central tenet of the neuroendocrine- 
immune axis is that bidirectional conununica- 
tion signals and a shared system of communi- 
cation ligands and receptors exist between 
these systems. A complete review of the now 
voluminous data supporting the existence of 
this network is outside the scope of this article 
but has been presented elsewhere (13, 21, 58, 
108, 199). However, some comments on the 
emerging concept of an autocrine-paracrine 
somatolactogen-somatomedin circuit in im- 
mune cells are pertinent. Prolactin induction 
by cells of the immune system was first 
demonstrated in murine splenocytes treated 
with concanavalin A (75). Subsequentiy, a 
PRL-like protein was shown by morphological 
and biochemical approaches (59, 74) to be 
present in murine splenocytes. Recentiy, in 
cooperation with colleagues at The Ohio State 
University, we (96) found PRL mRNA and 
inununoreactive PRL in human p^pheral 
blood lymphocytes, suggesting that this mole- 
cule functions as an autocrine mitogen in 
lymphocyte proliferation. An elegant series of 
studies by Clevcnger et al. (19) confirmed this 
postulate. The presence of an immunoreactive 
GH-like molecule, similar to pituitary GH in 
molecular weight, antigenicity, and bioactivity 
in lymphocyte-conditioned supematants, was 
first reported by Weigent et al. (107). En- 
dogenous GH secretion by resting and 
mitogen-stimulated peripheral blood mono- 
nuclear cells can be augmented by exogenous 
GH (49), and an antisense oligonucleotide to 
GH mRNA abrogates lymphocyte proliferation 
(111). Paracrine regulation of lymphocyte GH 
production is strongly suggested by the 
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demonstration that lymphocytes produce an 
immunoreactive GH-releasing hormone (110) 
and express mRNA transcripts for somatostatin 
(42). 

Localized synthesis of IGF-I by immune 
tissues was fust suggested by the immuno- 
histochemicai demonstration by D'Ercole et al, 
(26) of IGF-I in the thymus of adult rats in 
which its concentration was decreased by 60% 
following hypophysectomy. Geffher et al. (43) 
also provided convincing data that the en- 
hancement of T-lymphoblast cell lines by GH 
was actually mediated by local synthesis of 
IGF-I and could be abrogated by antibodies 
directed against either IGF-I or the IGF-I 
receptor. Merimee et al. (72) found evidence 
for a similar GH responsive IGF-I paracrine 
circuit in B cells, and Merchav et al. (69, 70) 
and Werthcr et al. (112) found that GH en- 
hancement of erythropoiesis was mediated 
through local synthesis of IGF-I. Support for 
such an autocrine-paracrine circuit is also 
provided by the demonstration of Neely et al. 
(82) that some human leukemic T and B lym- 
phoblasts produce ]nsulin-like--binding pro- 
teins 2 and 4, suggesting that these cell types 
can regulate IGF-I concentrations in their 
microenvironment. Comparable studies on 
nontransformed immune cells have not been 
reported. Baxter et al. (3) have demonstrated 
GH responsive IGF-I bioactivity in murine 
splenocytes. Rom et al. (92) characterized a 
growth factor for fibroblasts from alveolar 
macrophages of humans suffering from as- 
bcstosis. This alveolar macrophage-derived 
growth factor had an apparent molecular mass 
of 26 kDa but displaced ^^^lAabcled IGF-I 
from its receptor in a binding assay and stimu- 
lated IGF-I receptors to phosphorylate an ar- 
tificial substrate containing tyrosine. In situa- 
tions of lung pathology, this IGF-I bioactivity 
could promote potentially damaging fibroblast 
proliferation. Data from this and other groups 
(78, 90) suggested that IGF-I mRNA tran- 
scripts were particularly abundant in macro- 
phages. The appearance of IGF-I mRNA tran- 
scripts in wound macrophages supports a role 
for this peptide in wound healing (97). We 
have examined a variety of immune tissues* 
using a sensitive ribonuclease protection assay, 
and found that all cell types produced detecta- 
ble IGF-I mRNA transcripts but that these 
were particularly abundant in macrophages un- 



dergoing differentiation (Figure 4; Arkins and 
Kelley, unpublished results). A recent descrip- 
tion of the in vivo and in vitro downregulatory 
effects of the pleiotropic infiammatory media- 
tor, IL-1/?, on Leydig cell IGF-I gene expres- 
sion and steroidogenesis (68) also argues for 
the existence of a shared regulatory pathway 
involving cytokines and the autocrine- 
paracrine production of IGF-I. 

CONCLUSIONS 

The immune system can no longer be con- 
ceived of as being either self-regulated or in- 
sensitive to the host*s internal and external 
environments. One important application from 
the study of immunophysiology has been the 
increased undmtanding of the effects of en- 
vironmental stress on the immune system of 
farm animals (54, 58). The knowledge that 
glucocorticoids are potent immunosuppressive 
agents has had significant implications for ap- 
proaches to animal management. Also evident, 
however, is that all stressors are not necessar- 
ily immunosuppressive and that neuroendo- 
crine hormones can also have positive in- 
fluences on izmnunocompetence. Indeed, we 
(21, 58) have previously suggested that 
somatolactogens may counteract the im- 
munosuppressive effects of glucocorticoids in 
vivo, and, at least in the case of PRL, evidence 
is steadily accumulating to support this postu- 
late (9). 

A review of the literature indicates that the 
immunomodulatory effects of GH and PRL are 
mors marked in hypopituitary or old animals 
than in young animals. Comparable in vivo 
studies have not yet been reported for IGF-I. 
Nonetheless, in situations in which animals are 
treated with antiserum to GH or subjected to 
pharmacological suppression of PRL, a num- 
ber of clearly defined immunodeficiencies en- 
sue. Unfortunately, very little is known about 
the molecular mechanisms by which GH, PRL, 
or IGF-I exert their inraiunomodulatory ef- 
fects. A number of distinct scenarios are possi- 
ble. In the case of the somatolactogens, im- 
munomodulatory effects might be mediated 
indirectly by alteration of the synthesis or ac- 
tivities of macrophage-derived proteins, such 
as IL-1 or TNF-a or T- cell products such as 
IFN-7. Alternatively, die somatolactogens may 
play a zole in vivo as immunopermissive hor- 



Joumd of Dairy Scieace Vol. 76. No. 8. 1993 



2446 



ARKINS ET AL. 



mones, countering the suppressive effects of 
glucocorticoids on inunune tissues (21, 58). 
This hypothesis is certainly supported Bemton 
et al. (9), who demonstrated that GH and PRL 
protected mice in vivo from the immunosup- 
pressive effects of corticosterone. A third pos- 
sibility is that GH and PRL act on inunune 
tissues through the induction of an intermedi- 
ate, such as IGF-I, that has clear functional 
roles in cell cycle events (102) and in the 
differentiational and maturational phases of a 
variety of cell types (38, 83, 91). The induction 
of one or more intermediates would certainly 
agree with the pleiotropic range of activities 
now described for these hormones in immune 
cells. 



Although the immunological effects of 
somatolactogens and somatomedins have not 
been explored extensively in domestic live- 
stock, preliminary results suggest that recom- 
binant bovine growth hormone enhances T-cell 
proliferation (14. 15), augments the number of 
circulating neutrophils (14, 17), increases the 
production of reactive oxygen intermediates 
(18, 50), and reduces the clinical symptoms of 
acute experimental E. coli mastitis in dairy 
cows (58). From the results of studies in 
laboratory animals, these immunomodulatory 
properties are likely best exploited in situations 
of environmental or metabolic stress. The chal- 
lenge for future studies is to establish the 
molecular mechanisms by which these hor- 
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Figure 4. An antisense RNA txanscript to IGP-I exon 4 protects a 182>DUcleodde 6agnient in total RNA from murine 
macrophage but docs not detect IGF-I transcripts in the marine preroyeloid cell line (Ml). Yeast tRNA was included as a 
negative control. Samples were simultaneously hybridized with a lli-nocleotide antisense RNA transcript to ^-actin as a 
control for RNA integrity and loading accuracy. (From S. Aikins and K. W. Kelley. unpublished data.) 



Journal of Dairy Science Vd. 76, No. 8, 1993 



SYMPOSIUM: IMMUNOMODULATORY STRATEGIES 



2447 



mones affect immune events and to determine 
how to exploit their immunomodulatory poten- 
tial. 
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